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Integrative modelingStructural characterization of large multi-subunit protein complexes often requires integrating various
experimental techniques. Cross-linking mass spectrometry (XL-MS) identiﬁes proximal protein residues
and thus is increasingly used to map protein interactions and determine the relative orientation of sub-
units within the structure of protein complexes. To fully adapt XL-MS as a structure characterization
technique, we developed Xlink Analyzer, a software tool for visualization and analysis of XL-MS data
in the context of the three-dimensional structures. Xlink Analyzer enables automatic visualization of
cross-links, identiﬁes cross-links violating spatial restraints, calculates violation statistics, maps chemi-
cally modiﬁed surfaces, and allows interactive manipulations that facilitate analysis of XL-MS data and
aid designing new experiments. We demonstrate these features by mapping interaction sites within
RNA polymerase I and the Rvb1/2 complex. Xlink Analyzer is implemented as a plugin to UCSF Chimera,
a standard structural biology software tool, and thus enables seamless integration of XL-MS data with,
e.g. ﬁtting of X-ray structures to EM maps. Xlink Analyzer is available for download at http://www.
beck.embl.de/XlinkAnalyzer.html.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cross-linking mass spectrometry (XL-MS) has recently emerged
as one of the major techniques facilitating integrated structure
determination approaches, which combine multiple complemen-
tary techniques, e.g. X-ray crystallography and electron micros-
copy (EM). The experimental workﬂow of XL-MS has been well
established and includes biochemical cross-linking of proteins
and proteolytic digestion into cross-linked peptides that are sub-
jected to tandem mass spectrometry (Leitner et al., 2010). Several
specialized search engines for the identiﬁcation of cross-linked
peptides from MS2 spectra were developed, which often also pro-
vide conﬁdence scores assessing reliability of each identiﬁed cross-
link (see e.g. Gao et al., 2006; Gotze et al., 2012; Holding et al.,
2013; Rasmussen et al., 2011; Walzthoeni et al., 2012; Wang
et al., 2014; Xu et al., 2008; Yang et al., 2012). For structural anal-
ysis, cross-links are translated into maximal distances between the
cross-linked amino acid residues that vary depending on thechemical cross-linker. Such restraints facilitate mapping protein–
protein interactions (Liu et al., 2014), discriminating alternative
oligomeric conformations (Tosi et al., 2013), and modeling
structures of proteins (Kahraman et al., 2013) and protein com-
plexes (Bui et al., 2013; Lasker et al., 2012; Politis et al., 2014).
Each reactive amino acid residue can in principle form multiple
cross-links of three major types: (i) Inter-links are cross-links
between different protein subunits of a given complex. They are
useful for determining protein interfaces and deﬁning the relative
position of protein subunits within a given complex. (ii) Intra-links
connect residues of the same protein subunit. They are used to
guide homology modeling (Kahraman et al., 2013) or to position
different domains of the same subunit (Bui et al., 2013; Lasker
et al., 2012; Politis et al., 2014). In the case of homo-oligomeric
complexes, cross-links cannot be unambiguously assigned as intra-
or inter-links since they may arise from a residue pair of the same
protein subunit or its copies. (iii) Mono-links account for peptides
that were modiﬁed by the cross-linker but not linked to a second
peptide because one of the two functional groups of the cross-lin-
ker remained inactive. Mono-links do not provide distance infor-
mation but can be used for mapping interfaces or accessible
surfaces through identiﬁcation of regions in which mono-links
are under- or overrepresented (Tosi et al., 2013).
178 J. Kosinski et al. / Journal of Structural Biology 189 (2015) 177–183The usefulness of cross-links for the characterization of struc-
tures and structural modeling has led to the development of vari-
ous software tools dedicated to the visualization of XL-MS data. A
ﬁrst and very informative step is the visualization of cross-links in
the context of primary structures, as e.g. implemented in
xiNet (http://crosslinkviewer.org/). Such analysis often indicates
interacting domains that appear highly interconnected by clusters
of cross-links. Some tools for displaying cross-links and the respec-
tive distances within three-dimensional (3D) structures are also
available (Holding et al., 2013; Kahraman et al., 2011; Zheng
et al., 2013), but these tools only allow displaying pre-deﬁned sets
of cross-links. More importantly, these tools are not sufﬁciently
integrated with the molecular structure analysis tools that would
allow for interactive operations such as ﬁltering cross-links
according to various criteria during and simultaneous analysis of
complementary information, e.g. EM maps. These limitations rep-
resent a severe bottleneck that slows down the routine analysis
and interpretation of integrated 3D structures and models.
To enable the interactive and comprehensive analysis of XL-MS
data within a sophisticated 3D molecular viewer and structural
analysis tool that is widely used in the structural biology commu-
nity, such as UCSF Chimera (Pettersen et al., 2004), we developed
the Xlink Analyzer plugin. Xlink Analyzer is an interactive graphi-
cal software. It is seamlessly integrated within UCSF Chimera and
allows importing mass spectrometry data, displaying cross-links
in the context of structures, automatically detecting violated
cross-links, calculating the number of satisﬁed and violated
cross-links, and plotting distributions of distances between cross-
linked residues (Fig. 1). It includes tools for ﬁltering the cross-links
by conﬁdence score, locating and displaying subsets of cross-links
(e.g. inter-links, intra-links or cross-links connecting particular
subunits), mapping positions of mono-links, and comparing
different cross-linking datasets. Xlink Analyzer also provides anFig.1. Overview of Xlink Ainterface for coloring, selecting, hiding or displaying individual
subunits or subcomplexes, which, as compared to capabilities of
standard Chimera structure operation tools, greatly facilitates
analysis of very large complexes (Fig. A.1E). Xlink Analyzer is freely
available as open-source software.
An input to Xlink Analyzer consists of text ﬁles with cross-link-
ing data in tabular format and structures or models loaded to UCSF
Chimera. The provided tools allow locating cross-links and mono-
links, managing color and display of subunits if the structure is a
multi-subunit complex, interactively adjusting which cross-links
are used for analysis, counting satisﬁed and violated cross-links,
and exporting the data on cross-link distances and violations in
tabular format or as a distribution plot.2. Results
2.1. Import, automated display and analysis of cross-linking data
Xlink Analyzer is implemented as a software extension to the
UCSF Chimera molecular graphics program, which is an open
source platform widely used by the structural biology community
(Pettersen et al., 2004). While structures can be loaded, viewed and
manipulated using the well-known UCSF Chimera interface, cross-
links can be imported and accessed using a dedicated Xlink Ana-
lyzer window (Fig. A.1). Lists of cross-links are imported together
with their respective conﬁdence scores from text ﬁles in either
simple, generic, comma separated (CSV) format listing the cross-
linked residue pairs or xQuest/xProphet format (Appendix E). After
conﬁguring the protein or the protein complex of interest, Xlink
Analyzer automatically displays the cross-links within the 3D
structures. The user can interactively hide cross-links of a speciﬁc
type, for instance intra- or inter-links or display only cross-links
between speciﬁc subunits. Cross-links are colored according tonalyzer functionality.
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speciﬁc conﬁdence score can be hidden if desired. Statistics of vio-
lations can be interactively recalculated while changing the score
threshold. In addition, Xlink Analyzer generates tables of the num-
bers of violated cross-links and the respective subunit pairs that
can be exported as a text ﬁle. The distribution of the distances
between cross-linked residues can be visualized as a histogram
and exported in several graphical formats. Alternative structural
models can be analyzed simultaneously and the model satisfying
the highest number of cross-links can be identiﬁed. Taken together,
these functionalities enable the routine implementation of XL-MS
data into structural analysis.
2.2. Analysis of XL-MS data in the context of the three-dimensional
structure using RNA Polymerase I as an example
To demonstrate the potential of Xlink Analyzer, we performed
XL-MS analysis of RNA Polymerase (Pol) I from Saccharomyces cere-
visiae. We puriﬁed Pol I as previously described (Fernandez-
Tornero et al., 2013) and subjected it to varying concentrations of
H12/D12 isotope-coded, di-succinimidyl-suberate (DSS) cross-lin-
ker, which reacts with amine groups of lysine residues and protein
N-termini (Section 5). The cross-linking reaction was quenched
with ammonium bicarbonate and proteins were digested with
trypsin. The cross-linked peptides were enriched by size exclusion
chromatography as previously described (Leitner et al., 2012) and
subjected to LC–MS/MS analysis. The cross-links were then identi-
ﬁed from the MS spectra using the xQuest/xProphet (Leitner et al.,
2014a). After data import into Xlink Analyzer and stringent ﬁlter-
ing according to the cross-link conﬁdence score (xQuest ld-
score > 30), we mapped the identiﬁed cross-links onto the crystal
structure of Pol I (Engel et al., 2013; Fernandez-Tornero et al.,
2013)(Fig. 2A). Using Xlink Analyzer, we found 106 unique cross-
linked residue pairs that could be mapped to the structure, of
which ﬁve are violated using 30 Å distance threshold (Merkley
et al., 2014). Interestingly, four out of the ﬁve violated cross-links
originate from an extended loop inside the DNA-binding cleft of
Pol I (Fig. 2B). This loop has been suggested to be a mobile regula-
tory element that becomes ordered only under certain conditions
(Engel et al., 2013; Fernandez-Tornero et al., 2013). Several cross-
links agree with the position of the extended loop in the Pol I cleft
as suggested by the crystal structures, whereas three of the vio-
lated cross-links consistently suggest an alternative position onFig.2. Analysis of cross-links mapped to Pol I crystal structure. (A) Overall view of Pol I st
ld-score 30 or higher. Satisﬁed cross-links (using a distance threshold of 30 Å) are colored
links suggest two alternative interaction sites for the extended loop of the A190 subuni
A135 subunits and intra-links of A190 subunit and inter-links between A190 and A135 su
facilitated through appropriate panels in Xlink Analyzer. The extended loop is colored c
tWH domain that forms an extension of subunit A49 and is disordered in the crystal struc
residues cross-linking to this domain were highlighted using Xlink Analyzer (colored dar
A49-tWH based on cross-links is indicated.the clamp head domain. Thus, the extended loop likely binds to
the clamp head in an alternative conformational state of Pol I or
transiently interacts with that region when moving to the DNA-
binding cleft.
Xlink Analyzer can highlight residues within structural models
cross-linking to any other protein or domain in the XL-MS dataset,
regardless of whether or not the structure of that other protein or
domain is present. This feature is useful to locate their potential
binding surfaces. To demonstrate this, we located the tandem
winged helix domain (tWH) of the A49 subunit (Geiger et al.,
2010) that was disordered in the crystal structure (Fig. 2C). In
the case of Pol I, cross-links were identiﬁed that link the tWH to
the clamp head and jaw domains of the A190 subunit as well as
the protrusion domain of A135. These cross-links would place
tWH into the cleft between A190 and A135 but might not necessar-
ily be indicative of only a single conformation. However, they agree
with previous cross-linking studies and the topological model of
Pol I (Jennebach et al., 2012).
2.3. Mapping protein interfaces based on observed cross-links and
mono-links
XL-MS usually targets charged amino acids such as lysine,
aspartate or glutamate (Leitner et al., 2014b), which often occur
within protein–protein and protein-nucleic acid interfaces
(Ahmad et al., 2004; Davis et al., 1998; Zhao et al., 2011). Measure-
ments of the accessibility of such residues by NMR or MS were pre-
viously used to map protein–protein interfaces (Scholten et al.,
2006) (Hattori et al., 2013). Xlink Analyzer allows identifying sur-
face regions with reduced number of cross-links and mono-links
that might correspond to protein interfaces. This is possible
because modiﬁed residues are more likely to occur on solvent
exposed surfaces as compared to buried regions, such as interac-
tion sites (Scholten et al., 2006; Tosi et al., 2013). To account for
the fact that some of the modiﬁed peptides might not be observa-
ble by MS due to their varying susceptibility to digestion, liquid
chromatography, ionization, etc. (Sanders et al., 2007), Xlink Ana-
lyzer predicts theoretically observable mono-links based on a
machine learning approach (see Section 5). The mono-link predic-
tions are based on features derived only from the sequence of the
peptides, such as total mass, net charge or hydrophobicity and
independent from structural properties. Based on the predictions,
Xlink Analyzer visually marks residues expected to be modiﬁedructure (PDB code: 4C3H) (Fernandez-Tornero et al., 2013) showing cross-links with
blue, violated cross-links (using 30 Å distance threshold) are colored red. (B) Cross-
t. Dashed lines indicate regions missing in the structure. For clarity, only A190 and
bunits are displayed. Displaying individual subunits and speciﬁc cross-link types is
yan using standard coloring tools of UCSF Chimera. (C) Mapping interactions to the
ture. The tWH domain was deﬁned in the project setup as residues 172–403 and the
k red as the color of this domain deﬁned in the setup). The approximate position of
Fig.4. Assignment of cross-links in homo-oligomeric mode. (A) Schematic illustra-
tion of possible residue pair combinations in standard and homo-oligomeric mode.
For each cross-link there are four possible residue pair combinations (left). Based on
residue distances, Xlink Analyzer automatically determines which pairs more likely
correspond to the observed cross-links (right). (B) Cross-linked Rvb1/2 displayed in
standard mode. Rvb1/2 hetero-hexamer is composed of three copies each, Rvb1 and
Rvb2 subunits that give rise to a large number of residue pair combinations as
displayed in standard mode. (C) Same as (B) but displayed in homo-oligomeric
mode. The model of Rvb1/2 hexamer was reproduced based on Tosi et al. (Tosi et al.,
2013). The remaining cross-links violating the 30 Å distance threshold (Merkley
et al., 2014) might indicate an inwards domain movement (see also Fig. 3).
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expected to be observable cluster into a speciﬁc region of a struc-
ture, they indicate a potentially buried region.
To demonstrate this feature we repeated a prediction of the
interaction interfaces of the Rvb1/2 complex as previously
described by Tosi et al. (Tosi et al., 2013) (Fig. 3). In this study,
the interaction site between two Rvb1/2 hexamers was predicted
based on EM and mono-links without taking the observability of
the modiﬁed peptides into consideration. Xlink Analyzer automat-
ically identiﬁes modiﬁed residues of the Rvb1/2 model and pre-
dicts the interaction site straightforwardly and in-line with the
aforementioned previous work showing that on the previously
predicted interface, the expected to be observed but non-modiﬁed
residues are enriched comparing to the alternative interface
(Fig. 3). However, only the central part of the originally predicted
interface contains non-modiﬁed residues that are indicators of a
buried surface (Fig. 3B, red). Although the outer part contains
non-modiﬁed residues (yellow), those give rise to peptides that
are not likely to be observed by XL-MS and should not be used
as indicators. Thus, Xlink Analyzer not only enables locating non-
modiﬁed residues but also helps in discriminating regions devoid
of modiﬁcations due to experimental limitations of MS from the
regions protected from modiﬁcation due to interaction interfaces.
Modiﬁed residues (i.e. residues involved in cross-links or mono-
links) with ld-score at least 30 are colored blue. Residues expected
to be modiﬁed by the cross-linker are colored red. Residues that
are not observed as modiﬁed by MS and also not expected to be
observed because of the physicochemical properties of the respec-
tive peptides are colored yellow. The non-interacting, solvent-
exposed surface (left) and the interacting, buried surface (right)
are depicted. Arrows on the side view of the hexamer indicate
possible interaction surfaces for the second copy of the hexamer.
Non-modiﬁed residues cluster into an area that is likely buried
by the interaction of the hexameric rings.2.4. Analysis of homo-oligomeric complexes
A ‘Homo-oligomeric’ mode is available in Xlink Analyzer that is
dedicated to cross-link analysis of homo-oligomeric complexes or
complexes containing multiple copies of at least one subunit. In
these cases, multiple residue pair combinations can be assigned
to cross-links that derive from the subunits that are present in
multiple copies (Fig. 4A), making the identiﬁcation of cross-links
in structure and statistical analysis of cross-link violations inher-
ently difﬁcult. In ‘Homo-oligomeric’ mode, given a structure or a
theoretical model of the oligomer, Xlink Analyzer automatically
identiﬁes the non-violated fraction of every possible set of equiva-
lent residue pairs across the oligomeric interfaces and within theFig.3. Mapping of the interaction interface between Rsubunits. If no pair within the set satisﬁes the cross-link, the pair
with the shortest distance is selected for display. Violation statis-
tics can be subsequently recalculated. As we demonstrate in
Fig. 4, the automatic ‘Homo-oligomeric’ mode signiﬁcantly
increases the visualization and interpretation of the cross-links
data on homo-oligomers.
2.5. Comparison of different cross-linking datasets
In order to assess the similarity between alternative experimen-
tal conditions or biological states and conformations (e.g. a nucleic
acid-binding protein complex in the presence or absence of DNA) it
is often necessary to compare different XL-MS data sets. Xlink Ana-
lyzer allows importing several cross-linking datasets simulta-
neously to analyze them in combination or separately. To
demonstrate this feature, we compared cross-links of Pol I thatvb1/2 hexamers based on inaccessible residues.
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using DSS cross-linker. In particular, the cross-linker concentration
was varied from 0.05 to 10 mM and the timing of the reaction was
such that either all cross-linker was added at once or, alternatively,
it was added in several consecutive intervals (see Section 5) in
smaller amounts. The ‘interval setting’ involves adding the cross-
linker stepwise up to a given concentration, e.g., in 10 steps, each
step increasing the concentration by 0.2 mM up to ﬁnal concentra-
tion of 2 mM. This setting is useful for samples with limited avail-
ability of which the optimal cross-linker concentration is not
known. Although this data set is not quantitative as compared to
standards established for conventional shotgun proteomics,
namely such that peptide abundance ratios can be calculated, a
trend towards more identiﬁed mono-links vs cross-links with
increasing cross-linker concentrations was apparent (Fig. 5A).
Through analysis with Xlink Analyzer, we found that, in this partic-
ular data set, different cross-linker concentrations lead to the iden-
tiﬁcation of speciﬁc cross-linked residue pairs that otherwise
remained undiscovered (see also Fig. A.2). Generally, we could
not ﬁnd a correlation between cross-link-observability in a given
condition with structural properties such as solvent accessibility
of cross-linked lysine residues (Fig. A.3). Nevertheless, several
regions of Pol I were cross-linked only in some of the conditions.
For example, no inter-protein cross-link with ld-score larger than
30 was observed for subunit ABCa when 2 mM of cross-linker
was used, but two inter-cross-links from ABCa were obtained at
10 mM cross-linker concentration (Fig. 5B). Similarly, no cross-link
was observed for linker region of A12 subunit at 2 mM cross-linker
concentration but three cross-links were identiﬁed when 2 mM
cross-linker (total) was added in the ‘interval setting’ mode
(Fig. 5C). We thus conclude that Xlink Analyzer can assist
experimentalists with the empirical optimization of cross-linking
experiments.
3. Discussion
Xlink Analyzer provides a comprehensive set of tools for the
interactive visualization and automated analysis of cross-links in
the context 3D of structural models. Presently available software
tools such as Xwalk (Kahraman et al., 2011), Xlink-DB (Zheng
et al., 2013), and Hekate (Holding et al., 2013) allow visualizing
manually selected lists of cross-links and calculating distances.
Xlink Analyzer includes this functionality but in an automatedFig.5. Comparison of different experimental cross-linking conditions. (A) Number of cros
(B) Inter-protein cross-links of ABCa subunit of Pol I (magenta) obtained using a 2 mM an
(yellow) as obtained in ‘interval’ mode as compared to the 2 mM cross-linker conditionand interactive fashion and in the context of MS data properties.
It allows ﬁltering cross-links by a conﬁdence score or by the
cross-link type, it seamlessly provides statistical summaries of
the compatibility of a given structural model with the set of
cross-links in real time. Xlink Analyzer also contains entirely novel
features such as mapping cross-links to homo-oligomeric assem-
blies and potential interaction sites taking mono-link observability
into account. Most importantly, the Xlink analyzer is fully inte-
grated into a commonly used structural display and modeling soft-
ware, namely UCSF Chimera. Therefore, Xlink analyzer functions
can be seamlessly and interactively combined with established
features, such as e.g. ﬁtting of X-ray structures into EM maps, for
integrative structural analysis. Thus, Xlink Analyzer simpliﬁes the
routine analysis of XL-MS data and makes it more convenient
and more exhaustive.
Xlink Analyzer offers the possibility to map modiﬁed residues
(both cross-links and mono-links) onto structures, which may help
in locating interaction sites. This feature includes optional predic-
tions of residues non-observable as mono-linked peptides in MS.
Since peptide observability, and thus the accuracy of the predic-
tions, may vary depending on e.g. the MS setup, we designed our
predictor to mark residues as non-observable only when the pre-
diction score is above a stringent threshold adjusted to minimize
false predictions (see Section 5). Although it decreases prediction
sensitivity (some true non-observable residues may be missed), it
avoids predicting as non-observable residues with ‘‘intermediate
observability’’, whose values may change in different MS setups.
It must be noted that although the mono-link predictor exhibits
good performance in our tests (see Section 5) and performs very
well on the Rvb1/2 test case, the predictor accuracy still may vary
for other complexes or different MS setups. In order to reliably pre-
dict buried or solvent exposed surfaces, it will thus be important to
rely on clusters of amino acid residues of which the majority yields
a consistent readout instead of single residues.
A limitation of Xlink Analyzer is that the structures or the mod-
els of the subunits and the complex need to be available for per-
forming the analysis. Nevertheless, structures of individual
subunits can often be built using homology modeling. Otherwise,
if a homology models cannot be obtained, their positions can be
approximately predicted using the feature of Xlink Analyzer that
maps residues cross-linking to other subunits or domains even if
they are missing in the model of the complex (Fig. 2C). To better
support low resolution modeling, an important future directions-links and mono-links with ld-score higher than 30 in each experimental condition.
d 10 mM concentration of the cross-linker. (C) Cross-links involving the A12 subunit
.
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modeling.org/rmf/viewing.html), which is recognized by UCSF
Chimera and allows displaying subunits for which no structure is
available as low-resolution beads.
Thanks to the full integration of Xlink Analyzer into UCSF
Chimera molecular viewer, Xlink Analyzer is extremely useful for
integrated structural biology projects that combine XL-MS
approaches with data from other structural analysis techniques.
UCSF Chimera contains an extensive set of tools that is widely used
for visualizing molecular structures and EM maps or ﬁtting protein
subunits into EM maps (Goddard et al., 2007; Meng et al., 2006).
This set of tools is fully interfaced with and compatible with the
Xlink Analyzer functionalities. Users can, for example, discriminate
alternative structural models using XL-MS data. Xlink Analyzer ﬁlls
a present gap in the available set of software tools for XL-MS. In
addition, it is useful not only for structural modeling projects but
also provides feedback to experimentalists.4. Conclusions
Xlink Analyzer enables integrative analysis of cross-linking and
structural data. The software permits seamless use of cross-linking
data to map protein interaction sites, to locate subunits in protein
complexes, and to identify conformational changes. We thus antic-
ipate that Xlink Analyzer will further drive the integration of XL-
MS into the framework of established structural analysis
techniques.5. Material and methods
5.1. Implementation of Xlink Analyzer software
Xlink Analyzer is implemented as Python extension to UCSF
Chimera (Pettersen et al., 2004). The cross-links are displayed as
pseudo-bonds created using Chimera programming interface.
Matplotlib (John, 2007) embedded in Chimera is used to display
a cross-link distance histogram. Xlink Analyzer can be downloaded
from http://www.beck.embl.de/XlinkAnalyzer.html and the com-
plete source code can be accessed at http://github.com/cross-
links/XlinkAnalyzer and installed using a standard procedure for
installing UCSF Chimera extensions (installation instructions are
included in Appendix C).
5.2. Cross-linking/mass spectrometry of RNA Pol I
S. cerevisiae Pol I was puriﬁed as described previously
(Fernandez-Tornero et al., 2013). The sample was dialyzed in XL-
buffer (150 mM NaCl, 1 mM DTT, 20 mM Hepes) and diluted to a
ﬁnal concentration of 0.5 lg/ll. 50 lg of protein were used per
cross-linking reaction while adding different amounts of an iso-
stoichiometric mixture of H12/D12 isotope-coded, di-succinim-
idyl-suberate (DSS, Creative Molecules). All reactions were carried
out at 37 C with gentle shaking. Six standard conditions of 0.05,
0.2, 0.5, 2, 5 and 10 mM DSS were tested with a reaction time of
30 min. Three additional cross-linking conditions were performed
by adding 10 times 0.05 and 0.2 mM pulses of DSS every 4 min
and 0.5 mM pulses of DSS 4 times every 10 min. The reactions were
quenched by adding ammonium bicarbonate to a ﬁnal concentra-
tion of 50 mM. The digestion of cross-linked proteins was per-
formed as described previously (Bui et al., 2013). Cross-linked
peptides were enriched using SEC, as described before (Leitner
et al., 2012), using a Superdex Peptide PC 3.2/30 column (GE) on
a Ettan LC system (GE) at a ﬂow rate of 50 ll/min. Fractions eluting
between 0.9 and 1.4 ml were evaporated to dryness and reconsti-
tuted in 20–50 ll 5% (v/v) ACN in 0.1% (v/v) FA according to215 nm absorbance. LC–MS/MS analysis was carried out as
described previously (Bui et al., 2013). Raw ﬁles were converted
to centroid mzXML using the Mass Matrix ﬁle converter tool. The
data was searched using xQuest against a database containing
the sequences of the cross-linked proteins and Posterior probabil-
ities were calculated using xProphet (Leitner et al., 2014a). The
results were ﬁltered using the following parameters: FDR = 0.05,
min delta score = 0.95, MS1 tolerance window 4 to 7 ppm.5.3. Development of monolink predictor
To develop a predictor of observable mono-links using machine
learning algorithms, we created an experimental set of observed
mono-linked peptides and a set of theoretical peptides for all lysine
residues for which mono-links were not observed. The experimen-
tal set was derived from the XL-MS of Pol I performed in this work.
Since the XL-MS of Pol I was conducted in a variety of reaction con-
ditions, it is likely that the coverage of observable mono-links was
maximized, as different conditions led to different sets of mono-
links. The theoretical peptides for not observed mono-links were
derived as peptides expected from a given protein sequence after
digestion with trypsin. In total we obtained, 112 observed mono-
links with a ld-score of at least 30 and 105 non-observed mono-
links. We then split all observed and non-observed mono-links in
the Pol I dataset into training and testing data sets by assigning
70% of the mono-links to the training set and the remaining 30%
to the testing set. The split was performed keeping similar percent-
ages of observed and non-observed mono-links in each set. Only
mono-links with corresponding peptides composed of ﬁve to 50
residues were used (this is the typical range used by xQuest). Then
for every peptide (corresponding to every mono-link), we calcu-
lated seven features: peptide length, mass, hydrophobicity index
based on Kyte–Doolittle indexes (Kyte and Doolittle, 1982), net
charge at pH 2 (typical pH of the liquid chromatography buffers),
and retention coefﬁcients calculated based on GUOD860101 and
MEEJ800102 tables obtained from the AAindex (Kawashima
et al., 1999). Then, using these features and the training data set,
we applied penalized logistic regression to derive a classiﬁer for
predicting observable and non-observable mono-links. We have
selected logistic regression over other machine learning methods
to allow for the easy implementation in UCSF Chimera without cre-
ating dependencies on other libraries. Moreover, other classiﬁers
such as Support Vector Machine with linear and non-linear kernels
led to similar classiﬁcation accuracy as logistic regression. To
derive optimal penalized logistic regression classiﬁer we per-
formed a grid search over its parameters (with 5-fold stratiﬁed
cross-validation) using the training set. Then, the threshold of the
classiﬁer that leads to at most 10% of observed mono-links wrongly
predicted as non-observable in the training set was automatically
adjusted using Receiver Operating Characteristic (ROC) analysis.
With this threshold, on the testing data set (data set not used for
creating the classiﬁer), the resulting classiﬁer correctly predicted
72% non-observed mono-links as non-observable, wrongly predict-
ing as non-observable only 6% of the mono-links. This corre-
sponded to an accuracy calculated as (TP + TN)/(P + N) equal to
83% and 72% precision [TP/(TP + FP)] (where TP – observed cor-
rectly predicted as observable, TN – not observed correctly pre-
dicted as non-observable). Machine learning was performed
using scikit-learn (Pedregosa et al., 2011) and the data sets pre-
pared using BioPython (Cock et al., 2009).Author contributions
J.K., M.B., C.W.M. designed research. J.K. and K.K. wrote the soft-
ware. A. von A. and A.O. performed XL-MS of Pol I. J.K., M.B, A. von
J. Kosinski et al. / Journal of Structural Biology 189 (2015) 177–183 183A. and A.O., and C.W.M. wrote the paper. M.B. and C.W.M. oversaw
the project.
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